Background: The brain is a critical target organ for thyroid hormone, but it is unclear whether variations in thyroid function within and near the reference range affect quality of life, mood, or cognition.
O vert hypothyroidism interferes with brain functions (1) , but effects of variations in thyroid function within and near the reference range are less clear. Observational studies of this issue have been inconsistent, and a few randomized, blinded intervention studies have been negative (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In the absence of consensus, many patients with mild thyrotropin (TSH) elevations are treated with levothyroxine (L-T4) to improve neurocognitive symptoms, and L-T4 doses are often increased to treat persistent symptoms.
We recruited hypothyroid subjects treated with L-T4 who underwent testing for health status, mood, and cognitive function. We targeted cognitive domains preferentially affected by mild thyroid dysfunction (memory • Billewicz scale of hypothyroid-related symptoms (13) • Underactive Thyroid-Dependent Quality of Life Questionnaire, which measures the impact of hypothyroidism on quality of life (14) • 36-Item Short Form Health Survey (SF-36), a general health questionnaire (15) • Profile of Mood States (POMS), a mood questionnaire (16) • Affective Lability Scale, where subjects rate the tendency of their moods to fluctuate (17) Cognitive tests were administered by a single experienced research assistant.
Executive function

Attention and concentration
Letter Cancellation Test. The subject was given a sheet of paper with 6 lines of 52 letters in random sequence and instructed to circle two specified target letters as quickly as possible. The score was the number of errors and time needed (18) .
Cognitive flexibility
Trail Making Test. The subject connected circles on a sheet of paper as quickly as possible. In Part A, the subject drew lines to connect numbered circles in ascending order. In Part B, the subject drew lines to connect circles in ascending order, alternating between numbers and letters. The score was the number of errors and time needed (19) .
Decision making
Iowa Gambling Task. Four decks of cards were shown face down on a computer screen. The subject chose cards from any deck, resulting in the gain or loss of money. The subject was unaware that two decks were advantageous (small gains, smaller losses), and two were disadvantageous (large gains, larger losses). The subject's choices were classified as advantageous (X) or disadvantageous (Y), with a net score of X 2 Y, over 5 trials of 100 cards each (20) .
Working memory
N-Back test. A series of letters was presented one at a time on a computer screen. Subjects responded each time a letter appeared that they had seen on the previous screen (1-back). The task was repeated with intervening letters imposed while the subjects had to hold in mind letters that had appeared 2-back and then 3-back. The score was the total number correct on target and the total number incorrect nontarget for each condition (21) .
Subject-Ordered Pointing. Subjects viewed a series of computer screens that presented abstract drawings (6, 8, 10 , or 12 per screen). Each screen in a set showed the same array of drawings but in a different spatial arrangement. The subject indicated one drawing per screen, avoiding the same drawing on subsequent screens. Subjects erred when they chose a drawing that had been previously chosen. Each set was repeated three times. The score was the total number of errors across each screen set (22) .
Declarative memory
Paragraph Recall (verbal memory)
Subjects were read a brief story and verbally recalled it immediately and after 30 minutes. The score was the total number of story elements recalled at each interval (23) .
Motor learning
Pursuit Rotor
Subjects held a photosensitive wand to maintain contact with a 2-cm light disk rotating on a turntable (Lafayette Instrument Company, Lafayette, IN). Two blocks of eight 20-second trials were administered, with a 20-second rest after each trial and a 60-second rest period after four trials. After a 30-minute interval, the two blocks were repeated. The score was the mean total time the stylus remained on target (24) .
Motor Sequence Learning Test
The subject memorized two keypress sequences, each associated with a letter of the alphabet. As soon as that letter appeared on the computer screen, the subject performed the appropriate sequence as quickly as possible. Subjects performed 10 blocks of 18 trials each. The score was the total movement time (time from character presentation to completion of the sequence) (25) .
Randomization
Immediately after the baseline visit, subjects were randomly assigned to one of three arms: low-normal TSH (0.34 to 2.50 mU/L), high-normal TSH (2.51 to 5.60 mU/L), or mildly elevated TSH (5.60 to 12.0 mU/L). These were based on the OHSU TSH assay reference range, recent debate over restricting the upper limit to 2.50 mU/L (26), and our intention to restrict elevated TSH levels to the subclinical hypothyroid range. Randomization was stratified by whether the subject's TSH was low-or high-normal.
L-T4 dosing
Taking into account baseline TSH levels, the dispensing physician (K.G.S.) initially determined whether subjects should continue their usual L-T4 dose or receive a different dose to achieve the assigned target TSH ranges. If a different dose was indicated, the subject's usual dose was altered by 25 to 50 mg, depending on the difference between the initial and target TSH levels. The principal investigator (M.H.S.), research assistants, and subjects were unaware of the treatment assignment or L-T4 doses. The OHSU research pharmacy dispensed 6-week supplies of L-T4 pills in opaque gel capsules to maintain blinding.
Interim visits
At 6, 12, and 18 weeks, subjects returned for brief visits. The principal investigator assessed clinical effects and determined whether the subject could comfortably continue the study. TSH levels from these visits were reviewed by K.G.S., who adjusted L-T4 doses if the interim TSH level was not in the target range. L-T4 doses were adjusted by 12.5 to 50 mg depending on the difference between the interim and target TSH levels, and the research pharmacy dispensed new 6-week supplies. Additional interim visits were allowed if the TSH level was not in the target range at 18 weeks. Once the TSH was in the target range, no further interim visits were scheduled, and the subject proceeded to the end-of-study visit.
End-of-study visit
Approximately 6 weeks after the final interim visit, baseline measurements were repeated. At this visit, TSH, fT4, and fT3 levels were measured, and this TSH level was subsequently used to assign subjects to actual end-of-study TSH arms for the purposes of data analysis. The subject was then placed back on his or her usual L-T4 dose, or a dose that led to better TSH control during the study, per subject preference.
Analytic methods
TSH was measured by immunochemiluminometric assay (Beckman Coulter): functional sensitivity 0.02 mU/L, normal range 0.34 to 5.60 mU/L, and interassay coefficient of variation (CV) 5% at 0.70 mU/L. fT4 was measured by direct equilibrium dialysis (Quest Diagnostics): sensitivity 0.08 ng/dL, normal range 0.8 to 2.7 ng/dL, and interassay CV 6.8% at 0.3 ng/dL and 1.6% at 3.8 ng/dL. FT3 was measured by tracer dialysis (Quest Diagnostics): sensitivity 25 pg/dL, normal range 210 to 440 pg/dL, and interassay CV 4%. TSH levels were measured at the time of testing, with stable assay characteristics during the study. fT4 and fT3 levels were batched and analyzed at the end of the study. All samples were run in duplicate.
Statistical methods
Differences between arms for continuous measures were analyzed with multiple linear regression models adjusted for age, sex and estrogen status, years of education, WAIS-R score, baseline body mass index (BMI), change in BMI, baseline TSH (low-vs high-normal), standard deviation of TSH values at interim and last visits, baseline LT-4 dose (mg/kg), time on LT-4, time on LT-4 dose, and baseline value of the outcome variable. Binary measures were analyzed with multiple logistic regression models that adjusted for baseline TSH (low-vs highnormal) and baseline values of the outcomes because of the more limited nature of the binary data. For outcomes with significant differences between arms, the Tukey multiple comparison procedure was used to determine which arms were significantly different and adjust P values for pairwise differences between arms. Because not all outcomes were independent, multiple testing P value adjustments were made for groups of outcomes that included a significant outcome. These outcomes included the SF-36 summary and subscales (10 outcomes total), the POMS subscales (6 outcomes total), N-Back (correct and incorrect variables for 1-back, 2-back, 3-back; 6 outcomes total), and Letter Cancellation Test (time and error, 2 outcomes total). Analyses were conducted as intention-to-treat and by the actual TSH arms subjects achieved at the end of the study. We also examined relationships between outcomes and TSH, fT4, or fT3 by using the same regression analyses but substituting, in separate models, the selected hormone for the categorical arms variable. All analyses were conducted in R version 3.3.2 (R Foundation for Statistical Computing) (27) .
Results
Demographic, clinical, and thyroid function parameters Figure 1 provides a flowchart of the study design and subject enrollment. Of the 197 subjects initially screened, 24 were excluded because of abnormal laboratory tests [low-density lipoproteins .160 mg/dL (n = 11), glucose .120 mg/dL (n = 2), elevated serum calcium (n = 1)], abnormal electrocardiogram (n = 3), TSH out of range (n = 5), or medical issues (n = 2). Fifty subjects were taking branded L-T4 and had normal screening TSH levels, and they proceeded directly to the baseline visit. One hundred twenty-three subjects were taking generic L-T4 or had abnormal screening TSH levels and proceeded to the run-in. One hundred fifty-one subjects completed the baseline visit. Twenty-two subjects withdrew during the run-in [personal issues (n = 17), started other medications (n = 2), started weight loss diet (n = 1), medical issues (n = 2)]. Thirteen subjects withdrew before the final visit [personal issues (n = 5), medical issues (n = 6), pregnancy (n = 1), started weight loss diet (n = 1)]. Seven of these withdrew before the 6-week interim visit, 4 before the 12-week interim visit, and 2 before the 18-week interim visit. Subjects who were excluded or withdrew were not different from the study population in demographic or clinical attributes.
A total of 138 subjects completed the study (125 female, 13 male). They were aged 27 to 70 years and were receiving L-T4 for primary hypothyroidism (n = 112), hypothyroidism after iodine-131 therapy for Graves disease (n = 17), postpartum thyroiditis leading to permanent hypothyroidism (n = 3), or thyroid surgery (n = 6). They had received L-T4 for 5 months to 50 years (mean 12 years). Mean time on current L-T4 dose was 1.6 years. Baseline data from these subjects have been published (28) .
During the run-in, 92 subjects (67%) switched from generic to branded L-T4, and 36 (26%) needed L-T4 dose adjustment. Percentages of subjects needing a run-in or dose adjustment did not differ between the three arms (P = 0.50). At baseline, 87 subjects (63%) had low-normal TSH and 51 (37%) had high-normal TSH levels. Nineteen subjects (14%) did not need L-T4 dose adjustments at interim visits, and 119 (86%) needed 1 to 5 additional dose adjustments (mean 2.1). Forty-five subjects (33%) did not achieve their intended target TSH ranges (17%, 64%, and 16% in the low-normal, high-normal, and mildly elevated TSH arms, respectively). It was particularly difficult to maintain subjects in the high-normal TSH arm, because small changes in TSH levels near the lower or upper cutoffs of this arm moved subjects into one of the other two arms. For this reason, we conducted two separate analyses, one as intention-to-treat by randomized arm and one based on actual TSH levels at the end-of-study visit. Results are presented for the intention to treat analysis first, followed by the actual end arm analysis.
By intention to treat, subjects in the three arms did not differ in age, WAIS-R score, years in school, sex, estrogen status, ethnicity, BMI, or duration at current L-T4 dose ( Table 1) . Duration of L-T4 treatment was longer in the high-normal TSH arm (P , 0.001). Mean L-T4 doses at the end of the study were progressively lower in the three arms (1.50 6 0.07, 1.32 6 0.07, and 0.78 6 0.08 mg/kg/day, respectively, P , 0.001), whereas mean TSH levels were progressively higher (1.85 6 0.25, 3.93 6 0.38, and 9.49 6 0.80 mU/L, P , 0.001). Mean fT4 levels were lower in the mildly elevated TSH arm (1.79 6 0.06, 1.64 6 0.07, and 1.34 6 0.05 ng/dL, respectively, P , 0.001), whereas mean fT3 levels were not significantly different between the three arms (201.4 6 6.0, 191.4 6 6.2, and 184.1 6 6.6 pg/dL, P = 0.15). Seventy-two subjects (52%) had low baseline fT3 levels (118 to 209 pg/dL). At the end of the study, 28 subjects in the low-normal TSH arm (61%), 34 in the high-normal TSH arm (72%), and 34 in the mildly elevated TSH arm (76%) had low fT3 levels (82 to 209 pg/dL).
Health status and mood by intention to treat
At the end of the study, SF-36 Physical Functioning and POMS anger subscales were higher in the highnormal TSH compared with the low-normal TSH arm (49% vs 26% high, P = 0.03; 4.9 6 0.7 vs 3.6 6 0.6, P = 0.03), but these differences were not significant after correction for multiple testing. There were no other differences between the three arms in health status or mood measures (Table 2 ). Analyzing TSH, fT4, and fT3 as continuous variables, the SF-36 Mental Health subscale decreased by 0.33 point for each 1-mU/L increase in TSH (P = 0.05). There were no significant correlations between TSH, fT4, or fT3 and other health status or mood measures (Table 3) .
Cognitive tests by intention to treat
At the end of the study, the Letter Cancellation Test percentage with no errors and 1-back number correct on target were worse in the mildly elevated TSH compared with the low-normal TSH arm (11% vs 30%, P = 0.02; 68% vs 84%, P = 0.02), but these differences were not significant after correction for multiple testing. There were no other differences between the three arms in cognitive outcomes (Table 4) . With TSH, fT4, and fT3 analyzed as continuous variables, there were a few correlations between fT4 or fT3 and individual outcomes, but only one remained significant after correction for Values are mean 6 standard error of the mean. Change variables represent the differences between end of study and baseline for each arm. Differences between arms were tested with analysis of variance, and follow-up post hoc Tukey multiple comparisons were used to determine which arms were significantly different at the 5% level.
Abbreviations: Postnone, postmenopausal, no hormone treatment; Poston, postmenopausal on hormone treatment; Prenone, premenopausal, no hormone treatment; Preon, premenopausal on hormone treatment. a Values are at baseline for each arm.
b Arm 1 vs Arm 2.
c Arm 2 vs Arm 3.
d Arm 1 vs Arm 3.
doi: 10.1210/jc.2017-02668 https://academic.oup.com/jcemmultiple comparisons (Pursuit Rotor Trial 3 time on target inversely related to fT4 levels) ( Table 5) .
Analyses by actual TSH arm at the end of the study By the actual TSH arm at the end of the study, 57 subjects had TSH levels in the low-normal range, 28 in the highnormal range, and 53 in the mildly elevated range (Supplemental Table 1 ). Subjects did not differ in terms of any baseline demographic, clinical, or thyroid hormone variables. Mean L-T4 doses at the end of the study were progressively lower in the three arms (1.52 6 0.06, 1.10 6 0.10, and 0.92 6 0.08 mg/kg/day, respectively, P , 0.001), whereas mean TSH levels were progressively higher (1.34 6 0.08, 3.74 6 0.12, and 9.74 6 0.63 mU/L, P , 0.001). Mean fT4 and fT3 levels were lower in the mildly elevated TSH arm (1.89 6 0.06, 1.44 6 0.08, and 1.35 6 0.04 ng/dL, respectively, P , 0.001; 206.2 6 5.6, 196.0 6 7.7, and 175.2 6 5.4 pg/dL, P , 0.001). Thirty-three subjects in the low-normal TSH arm (72%), 19 in the high-normal TSH arm (40%), and 44 in the mildly elevated TSH arm (98%) had low fT3 levels (82 to 209 pg/dL).
By the actual TSH arm at the end of the study, the SF-36 Bodily Pain subscale was higher in the mildly elevated TSH arm than in the high-normal TSH arm (34% vs 11% high, Values are mean 6 standard error of the mean. Significant differences between arms are shown in bold. P values for continuous outcomes were adjusted for age, years of education, WAIS-R score, BMI at baseline, change in BMI, sex and estrogen status, baseline TSH (low-normal vs high-normal), standard deviation of TSH values at all but first visit, baseline LT-4 dose, time on LT-4, time on LT-4 dose, and baseline value of outcome. P values for binary outcomes were adjusted for baseline TSH (low-normal vs high-normal) and baseline value of outcome. SF-36 and POMS outcomes were grouped, and multiple testing P value adjustments were made for these outcomes. a For BP, PF, RP, SF, and RE, the distributions within each group were highly skewed. We used the highest observed values of the skewed SF-36 subscales as the cutoff points for producing a dichotomous measure. The highest observed values were BP 75, PF 100, RP 50, SF 80, and RE 50. b Arms 1 and 2 were significantly different at the 5% level based on follow-up pairwise comparisons of all three arms based on Tukey multiple comparisons. However, these P values were not significant when we grouped outcomes from the same test together and applied multiple testing adjustments by using a Bonferroni correction to all individual Tukey adjusted P values comparing the three arms.
c POMS values (except for the vigor subscale) were natural log-transformed before analysis because the raw data were skewed. All values were increased by 1 before the transformation because of the presence of zeros. d These scores were compared as the proportion positive between the groups, because the measures were skewed and contained a large proportion of zeros. P = 0.03), and the 1-back number correct on target was lower in the high-normal TSH arm than in the low-normal TSH arm (58% vs 86%, P = 0.002) (Supplemental Tables  2 and 3) ; neither was significant after correction for multiple testing. There were no other differences between the three arms in health status, mood, or cognitive measures.
Subjects' perceptions of L-T4 doses
At the final study visit, subjects were asked whether they thought their L-T4 doses at the end of the study were higher, lower, or unchanged from the start of the study and which of the two doses they preferred. Subjects were not able to accurately ascertain changes in L-T4 doses (P = 0.54) (Supplemental Table 4 ). However, the majority Correlations [95% confidence intervals (CIs)] with continuous outcomes were modeled with multiple linear regressions adjusting for age, years of education, WAIS-R score, BMI at baseline, change in BMI, sex and estrogen status, standard deviation of TSH values at all but first visit, baseline LT-4 dose, time on LT-4, time on LT-4 dose, baseline hormone value, and baseline value of outcome. The magnitude of the coefficient indicates the estimated change in the outcome for each 1-unit increase in the study change (end of study -baseline) of fT4 or TSH and a 10-unit increase in the study change of fT3. Correlations (95% CIs) with binary outcomes were modeled with multiple logistic regressions adjusting for the baseline value of the hormone and the outcome of interest. Coefficients were transformed to estimate the percentage change in the predicted odds of the measure for a 1-unit increase in the study change (end of study -baseline) of fT4 or TSH and a 10-unit increase in the study change of fT3. The transformed coefficients are estimates of the risk ratios associated with the 1-or 10-unit increase in the study change of respective hormone level. A positive coefficient indicates that the measure increased with increasing hormone levels, whereas a negative coefficient indicates that the measure decreased with increasing hormone levels. Separate models were run for each hormone. Significant coefficients are shown in bold with corresponding P values. a For these variables, the distributions within each group were highly skewed. We used the highest observed values of the skewed SF-36 subscales as the cutoff points for producing a dichotomous measure. The highest observed values were BP 75, PF 100, RP 50, SF-80, and RE 50.
b POMS values (except for the vigor subscale) were natural log-transformed before analysis because the raw data were skewed. All values were increased by 1 before the transformation because of the presence of zeros. The magnitude of the coefficient indicates the estimated change in the natural log of the measure plus 1 with a 1-unit (10 units for fT3) increase. c These scores were compared as the proportion positive between the groups, because the measures were skewed and contained a large proportion of zeros.
doi: 10.1210/jc.2017-02668 https://academic.oup.com/jcempreferred whichever L-T4 dose they thought was higher (P , 0.001): 68% preferred their dose at the end of the study when they thought their dose had been increased during the study, whereas 96% preferred their dose at the beginning of the study when they thought their dose had been lowered during the study.
Effect size calculations
We performed effect size calculations by using results for the SF-36 mental component summary and mental health scales, POMS depression scale, 3-back correct on target, and Iowa Gambling Task-5, outcomes affected by mild thyroid dysfunction in our previous studies (7, 29, 30) . The necessary sample sizes to achieve 80% power at a 5% level of significance were 659 to 5442 subjects (28) (data not shown).
Discussion
In this cohort of L-T4 treated subjects, we found little evidence that altering L-T4 doses in a randomized, Values are mean 6 standard error of the mean. Significant differences between arms are shown in bold. Individual tests are grouped by cognitive subdomains (first column). P values for continuous outcomes were adjusted for age, years of education, WAIS-R score, BMI at baseline, change in BMI, sex and estrogen status, baseline TSH (low-normal vs high-normal), standard deviation of TSH values at interim and last visits, baseline LT-4 dose, time on LT-4, time on LT-4 dose, and baseline value of outcome. P values for binary outcomes were adjusted for baseline TSH (low-normal vs high-normal) and baseline value of outcome. Letter Cancellation and N-Back outcomes were grouped, and multiple testing P value adjustments were made for these outcomes. a Arms 1 and 3 were significantly different at the 5% level based on follow-up pairwise comparisons of all three arms based on Tukey multiple comparisons. However, these P values were not significant when we grouped outcomes from the same test together and applied multiple testing adjustments by using Bonferroni correction to all individual Tukey adjusted P values comparing the three arms.
b These values were calculated as proportion of subjects for whom each measure was $15 (for correct on target) or .0 (for incorrect nontarget), because there were floor effects.
blinded fashion to achieve TSH levels in the low-normal, high-normal, or mildly elevated range affected health status, mood, or cognitive function over 6 months. After correction for multiple testing, no outcomes were significantly different when the data were analyzed by discrete groups, either as intention to treat or by actual TSH arm achieved at the end of the study. When the data were analyzed by continuous variables, the SF-36 mental Correlations [95% confidence intervals (CIs)] with continuous outcomes were modeled with multiple linear regressions adjusting for age, years of education, WAIS-R score, BMI at baseline, change in BMI, sex and estrogen status, standard deviation of TSH values at all but first visit, baseline LT-4 dose, time on LT-4, time on LT-4 dose, baseline hormone value, and baseline value of outcome. The magnitude of the coefficient indicates the estimated change in the outcome for each 1-unit increase in the study change (end of study -baseline) of fT4 or TSH and a 10-unit increase in the study change of fT3. Correlations (95% CIs) with binary outcomes were modeled with multiple logistic regressions adjusting for baseline values of the hormone and the outcome of interest. Coefficients were transformed to estimate the percentage change in the predicted odds of the measure for a 1-unit increase in the study change (end of study -baseline) of fT4 or TSH, and a 10-unit increase in the study change of fT3. The transformed coefficients are estimates of the risk ratios associated with the 1-or 10-unit increase in the study change of respective hormone level. A positive coefficient indicates that the measure increased with increasing hormone levels, whereas a negative coefficient indicates that the measure decreased with increasing hormone levels. Separate models were run for each hormone. Significant coefficients are shown in bold with corresponding unadjusted P values. For each set of related outcome measures, multiple testing adjustments were applied to all the individual P values from models adjusting for the same hormone type. a P was not significant at the 0.05 level when we applied multiple testing adjustments grouping outcomes from the same test together by Bonferroni correction.
b These values were calculated as proportion of subjects for whom each measure was $15 (for correct on target) or .0 (for incorrect nontarget), because there were floor effects. c P was still significant at the 0.05 level when we applied multiple testing adjustments grouping outcomes from the same test together by Bonferroni correction.
health subscale was inversely correlated with TSH levels, but the magnitude of this correlation was small, and there were no other significant findings. Most published studies of subclinical hypothyroid subjects are observational (1) , and the most recent and largest failed to find significant quality of life, mood, or cognitive effects (31) (32) (33) (34) (35) (36) . These studies were often limited by the use of screening cognitive batteries, which are not designed to detect subtle defects in targeted cognitive domains likely to be affected by altered thyroid status. We used sensitive, specific cognitive measures to circumvent these limitations, based on human studies indicating that memory and executive function are preferentially affected, as well as animal studies of thyroid hormone and its receptor distribution in the brain (1) .
Seven previous studies have assessed effects of L-T4 therapy on symptoms or neurocognitive outcomes in patients with subclinical hypothyroidism (3, 5, 6, (8) (9) (10) (11) . Three reported improvements in depression or memory after 6 months, but they were open-label (3, 6, 9), although one also reported a neural substrate for thyroid effects in the frontal cortex by functional magnetic resonance imaging (6) . Four were blinded and found minor or no effects after 3 to 12 months (5, 8, 10, 11) . Our study extends these findings with detailed measures of cognitive areas that have not been intensively studied. With the exception of Stott et al.'s (11) recent study, where the primary outcome was a tiredness score, ours is also the largest interventional study in subclinical hypothyroidism.
The literature regarding neurocognitive measures in euthyroid or L-T4-treated subjects has similar limitations. Most studies were observational, with only two small interventional trials of L-T4 therapy in subjects with normal TSH levels treated for 8 to 12 weeks. Neither found effects on hypothyroid symptoms, quality of life, psychological function, or limited measures of cognitive function (2, 4) . Our results in a larger group of subjects treated for a longer time period extend these findings. Our findings do not support the idea that lowering TSH levels ,2.50 mU/L (37) improves quality of life, mood, or cognitive function.
A major strength of our study was our focus on executive function. This cognitive domain has not been extensively studied in thyroid disease, because rodent models do not adequately represent executive functions in humans, and many laboratory measures of executive function are insensitive to real-world scenarios. We included the Iowa Gambling Task because this test of executive function assesses decision making under uncertainty and models real-world behavior (38) . L-T4-treated patients often complain of problems in this area, but our results do not corroborate objective changes in executive function when L-T4 doses are altered.
Another major strength of our study was the blinded nature of our intervention. When we queried subjects, they could not accurately identify how their L-T4 doses had been altered, but the majority preferred whichever dose they perceived to be the higher dose, confirming an intrinsic bias toward higher L-T4 doses. Studies also indicate that self-knowledge of a thyroid disorder impairs psychological well-being regardless of the TSH level (30, 39) , which would bias unblinded studies.
We found a high prevalence of low serum fT3 levels at baseline and at the end of the study in all three arms. However, fT3 levels did not correlate with our outcomes. Previous reports have also described a high prevalence of low T3 levels in L-T4-treated subjects (40) . However, studies of liothyronine add-on or monotherapy in hypothyroidism have not shown improvements in quality of life, mood, or cognitive outcomes (40) . Additional studies have suggested that polymorphisms in deiodinase or brain thyroid hormone transporter genes correlate with psychological scores and response to liothyronine, so subsets of L-T4-treated patients may respond to L-T3 (40) .
Our study also has limitations. A major limitation was our sample size, and it is possible that we were underpowered to detect small effects. To address this problem, we performed an effect size calculation, which showed that large numbers of subjects (.600, depending on outcome) would need to be studied to reach statistical significance. The small magnitude of our effects suggests that clinically meaningful alterations are unlikely, but it remains possible that subtle effects were missed. We did not include an untreated euthyroid control group, so we cannot ascertain whether our subjects had decrements in quality of life, mood, or cognition at baseline compared with the general population. However, we previously published results of the same tests of quality of life, mood, and cognitive function in L-T4-treated subjects compared with euthyroid control subjects and found mild decrements in the SF-36 (mental component summary, mental health subscale, and vitality subscale) without differences in mood or cognitive function (30) . Therefore, we suspect that subjects in the current study had slightly lower quality of life than matched euthyroid subjects. We performed a large number of correlations, although we accounted for this difference in our analyses, and it is possible that some of our minor findings were due to chance. Most of our subjects were women and were younger and slimmer than the U.S. population. Most of our subjects were Caucasian. Our subjects were heterogeneous in terms of thyroid diagnosis and length of L-T4 treatment. We limited our study to 6 months to optimize subject retention, recognizing that this is sufficient time to observe changes in our outcomes. Many of our subjects experienced variations in TSH levels at interim visits that necessitated L-T4 dose adjustments, which we accounted for in our analysis. One-third of our subjects did not achieve target TSH levels, particularly in the high-normal TSH group. To address this limitation, we conducted separate intention-to-treat and actual endof-study analyses, as well as analyses using changes in TSH and thyroid hormones as continuous variables. These complementary analyses showed similar results, strengthening our conclusions. In addition, we note that regardless of the ultimate TSH attained, L-T4 doses were altered in each arm, consistent with the study design. Because patients often request changes in their L-T4 doses regardless of their TSH levels, an interpretation of our results based on L-T4 dose adjustments is a valuable perspective for clinical practice. We attempted to collect blood samples at a consistent time of day, but this was not always possible. In healthy and L-T4-treated subjects, TSH levels decrease slightly between 07:00 and 09:00 and then remain stable until the evening (41) . Finally, we limited our cognitive testing to executive function and memory, although studies do not indicate major effects in other areas (1) .
In summary, we found no relevant differences in health status, mood, memory, or executive functions in hypothyroid subjects when L-T4 doses were altered in a randomized, blinded fashion to achieve TSH levels in the low-normal, high-normal, or mildly elevated range. Given our limited sample size, additional studies would be helpful, particularly in targeted populations (e.g., symptomatic subjects, subjects with low fT3 levels, or subjects with genetic polymorphisms that affect thyroid hormone action). In the absence of definitive data, reasonable expectations should be discussed with treated hypothyroid patients who report symptoms in these areas and request higher L-T4 doses or alternative thyroid hormone preparations.
